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The mechanisms underlying cell death during oxygen deprivation are unknown. We report here a model for
oxygen deprivation-induced apoptosis. The death observed during oxygen deprivation involves a decrease in the
mitochondrial membrane potential, followed by the release of cytochrome ¢ and the activation of caspase-9.
Bcl-X prevented oxygen deprivation-induced cell death by inhibiting the release of cytochrome c and caspase-9
activation. The ability of Bcl-X; to prevent cell death was dependent on allowing the import of glycolytic ATP
into the mitochondria to generate an inner mitochondrial membrane potential through the F,F,-ATP synthase.
In contrast, although activated Akt has been shown to inhibit apoptosis induced by a variety of apoptotic
stimuli, it did not prevent cell death during oxygen deprivation. In addition to Bcl-X;, cells devoid of
mitochondrial DNA (p° cells) that lack a functional electron transport chain were resistant to oxygen depri-
vation. Further, murine embryonic fibroblasts from bax~'~ bak™'~ mice did not die in response to oxygen
deprivation. These data suggest that when subjected to oxygen deprivation, cells die as a result of an inability
to maintain a mitochondrial membrane potential through the import of glycolytic ATP. Proapoptotic Bcl-2
family members and a functional electron transport chain are required to initiate cell death in response to

oxygen deprivation.

Programmed cell death (apoptosis) plays an important role
in the regulation of development morphogenesis, cell ho-
meostasis, and diseases such as cancer, stroke, and ischemic
heart disease (44, 49). Two pathways, the intrinsic and extrinsic
pathways, by which cells can initiate and execute the cell death
process have been identified (9, 42). The intrinsic apoptotic
pathway is initiated within the cell by a loss of the outer mi-
tochondrial integrity that leads to the redistribution of cyto-
chrome ¢ and other apoptotic regulatory proteins into the
cytosol (9). Subsequently, cytochrome ¢ in the cytoplasm in-
teracts directly with Apaf-1, leading to the ATP-dependent
formation of a macromolecular complex known as the apop-
tosome (26, 28). This complex recruits and activates the aspar-
tyl-directed protease caspase-9. Activated caspase-9 can acti-
vate additional caspase-9 molecules, as well as caspase-3 and
-7, resulting in the morphological features of apoptosis. If ATP
is not available to form the apoptosome, then a necrotic form
of cell death can occur (6). Antiapoptotic members such as
Bcl-2 and Bcl-X; prevent death that occurs through the intrin-
sic apoptotic pathway by preventing the loss of outer mitochon-
drial membrane integrity (21, 52). Proapoptotic Bcl-2 family
members such as Bax and Bak are sufficient to initiate the loss
of outer mitochondrial integrity, resulting in apoptosis (14, 22,
50). Moreover, either Bax or Bak is required for the execution
of the intrinsic apoptotic pathway in response to serum depri-
vation or DNA-damaging agents such as etoposide and gamma
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irradiation (27, 51). Another regulator of the intrinsic pathway
is phosphoinositide-3 kinase (PI3K) and its downstream target
Akt. An activated form of Akt can confer cell survival in the
absence of growth factors and inhibits apoptosis induced by a
wide range of stimuli (4, 15).

The extrinsic apoptotic pathway begins when a death ligand,
such as FasL, interacts with its cell surface receptor, Fas, and
initiates the formation of a death-inducing signaling complex
that recruits and activates caspase-8 (33). In this pathway,
strong activation of caspase-8 directly activates caspase-3, re-
sulting in apoptosis. In some cell types, caspase-8 activation is
insufficient to activate caspase-3 alone. In these cells, caspase-8
activation is amplified through the mitochondria (35). This
process occurs by the initiation of caspase-8-dependent cleav-
age of Bid, a proapoptotic factor. A truncated Bid induces the
loss of outer mitochondrial membrane integrity, leading to
cytochrome c release and caspase-9 and caspase-3 activation
(25, 30).

Although much progress has been made in uncovering path-
ways and factors involved in apoptosis in response to loss of
survival signals, DNA-damaging agents, and the activation of
death receptors, little is known about the mechanisms under-
lying cell death in response to oxygen deprivation. Several
studies have suggested that cells die through apoptosis in re-
sponse to oxygen deprivation (16, 39). Moreover, studies have
demonstrated that antiapoptotic members of the Bcl-2 family
and the 150 kDa oxygen-regulated protein prevent cell death
during oxygen deprivation (17, 41, 43). The translocation of the
proapoptotic Bcl-2 family member Bax from the cytosol to
mitochondria has also been observed during oxygen depriva-
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tion (38). The aim of the present study was to examine how
oxygen deprivation initiates cell death and the role of Bcl-2
family members in regulating oxygen deprivation-induced cell
death.

MATERIALS AND METHODS

Cell culture. Ratla fibroblasts, HT1080 fibrosarcoma cells, and murine em-
bryonic fibroblasts (MEFs) were cultured at 30 to 50% confluence in Dulbecco’s
modified essential medium supplemented with HEPES (10 mM), pyruvate (1
mM), penicillin (100 U/ml), streptomycin (100 pg/ml), and 10% heat-inactivated
fetal bovine serum (Gibco). Ratla fibroblasts containing a Src myristoylation
signal fused to the c-Akt coding sequence (Myr-Akt) and the control puromycin
vector (Puro) or overexpressing Bcl-X; and the control neomycin vector (Neo)
were generated as previously described (7). Wild-type HT1080 cells were incu-
bated in Dulbecco’s modified essential medium containing ethidium bromide
(100 ng/ml), sodium pyruvate (1 mM), HEPES (10 mM), and uridine (100 pg/ml)
to generate HT1080 cells devoid of mitochondrial DNA (p° cells). MEFs were
generated from wild-type, p53~/~, or bax™/~ bak™'~ embryos. HT1080 cells
transfected with the control vector or manganese superoxide dismutase
(MnSOD) and catalase targeted to the mitochondria were gifts from Andres
Melendez (37). Oxygen deprivation conditions (0% O,, 85% N,, 10% H,, and
5% CO,) were achieved in a humidified anaerobic workstation at 37°C (BugBox;
Ruskinn Technologies). An anaerobic color indicator (Oxoid Limited) confirmed
anaerobicity of the chamber. Hypoxic conditions (1.5% O,, 93.5% N,, and 5%
CO,) were achieved in a humidified variable aerobic workstation (Invivo O,;
Ruskinn Technologies). The Invivo O, contains an oxygen sensor that continu-
ously monitors the chamber oxygen tension. The caspase inhibitor N-benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethyl-ketone (zVAD-fmk; Enzyme Systems Prod-
ucts) was administered at a concentration of 100 uM, 1 h prior to incubation of
cells under oxygen deprivation conditions.

Measurement of cell death. Cell death was assayed by measuring lactate
dehydrogenase activity (LDH) in culture supernatants from cells plated on
60-mm culture plates with a cytotoxicity detection kit (Roche Molecular Bio-
chemicals) according to the manufacturer’s protocol. Apoptosis was detected
either by determining the percentage of cells that had condensed and fragmented
nuclei by staining with Hoechst no. 33258 (1 wg/ml; Sigma) as previously de-
scribed (2) or by measuring cytoplasmic histone-associated-DNA fragments fol-
lowing cell death with the cell death detection ELISA™'" kit (Roche Molecular
Biochemicals) according to the manufacturer’s protocol.

Western blot analysis for cytochrome ¢ release. Cytosolic fractions were pre-
pared by scraping cells in ice cold buffer (250 mM sucrose, 20 mM HEPES, 10
mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol).
Cells were homogenized with a cylinder cell homogenizer for 20 s, and unlysed
cells and nuclei were collected by centrifugation at 800 X g for 10 min. The
supernatant was collected and spun at 22,000 X g for 15 min to separate the
cytosolic and mitochondrial fractions. The resulting cytosolic fraction was col-
lected, and the proteins in the samples were quantified by the Bio-Rad protein
assay. Cytosolic or mitochondrial fractions (100 wg) were mixed with an equal
volume of sample loading buffer (125 mM Tris base [pH 6.8], 4% [wt/vol] sodium
dodecyl sulfate, 20% (vol/vol) glycerol, 200 mM dithiothreitol, 0.02% [wt/vol]
bromphenol blue). After heating, the protein was resolved on a sodium dodecyl
sulfate-15% polyacrylamide gel and transferred to a Hybond-ECL nitrocellulose
membrane (Amersham). After transfer, the gel was stained with Ponceau S to
verify uniform loading and transfer. Membranes were blocked with 5% (wt/vol)
nonfat milk in TBS-T (100 mM Tris base [pH 7.5], 0.9% [wt/vol] NaCl, 0.1%
[vol/vol] Tween 20) overnight and subsequently incubated with 1 pg of the
7H8.2C12 anti-cytochrome ¢ antibody (Pharmingen) per ml or with 0.5 ug of
20E8-C12 anti-cytochrome ¢ oxidase subunit IV antibody (Molecular Probes)
per ml overnight at 4°C. The membrane was washed with TBS-T three times and
incubated for 1.5 h at room temperature with horseradish peroxidase-conjugated
secondary antibody (Amersham). The membrane was washed three times with
TBS-T and analyzed by enhanced chemiluminescence (Amersham).

Measurement of caspase activity. Caspase-9 and caspase-8 enzymatic activity
was measured with fluorometric assay kits specific to each caspase (R&D Sys-
tems). Cell were plated onto 100-mm culture dishes at 40 to 60% confluence, and
caspase activity was measured according to the manufacturer’s protocol using a
fluorescent microplate reader. Data were normalized to total protein concentra-
tion as determined by the Bio-Rad protein assay.

Measurement of ATP levels. ATP levels were measured by the luciferin-
luciferase method using an ATP bioluminescence assay kit (HS II; Roche Mo-
lecular Biochemicals). Cells were lysed with lysis buffer provided by the manu-
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facturer. Luciferase reagent (50 wl) was manually injected into 50 pl of cell
lysate, and luminescence was analyzed after a 30-s delay with a 2-s integration on
a SpectraMax Gemini microplate reader (Molecular Devices). A standard curve
was generated from known concentrations of ATP and used to calculate the
concentration of ATP in each sample. Luminescence increased linearly with the
negative log of the ATP concentration in the samples over the range of concen-
trations measured. Data were normalized to total protein concentration as de-
termined by the Bio-Rad protein assay.

Measurement of W. To assess the change in mitochondrial membrane poten-
tial (A) in cells exposed to oxygen deprivation, cells were plated onto 60-mm
culture dishes at 40 to 60% confluence and incubated for 1 h in the presence of
two fluorescent probes, tetramethylrhodamine ethyl ester (TMRE; excitation,
550 nm; emission, 580 nm; 500 nM) and Mitotracker green (MITO; excitation,
490 nm; emission, 515 nm; 2 pM) (Molecular Probes). Cells were lysed with 1%
(vol/vol) Triton X-100, and fluorescence was measured on a SpectraMax Gemini
microplate reader (Molecular Devices). TMRE localizes within mitochondria,
and its fluorescence increases in proportion to ¥. As ¢ diminishes, so does
TMRE fluorescence. MITO localizes to mitochondria independently of Ay and
reflects the number of mitochondria within a given cell. The ratio between
TMRE fluorescence and MITO fluorescence reflects { normalized to the num-
ber of mitochondria. As a control for each condition, cells were incubated with
both TMRE and MITO in the presence of the protonophore carbonyl cyanide
trifluoromethoxyphenylhydrazone (FCCP, 20 wM; Sigma), which dissipates the
. The TMRE/MITO ratio for each condition was subtracted from the TMRE/
MITO ratio in the presence of FCCP.

Measurement of VEGF levels. Vascular endothelial growth factor (VEGF)
levels were measured in culture supernatants from cells plated on 60-mm culture
dishes with a mouse VEGF Quantikine M immunoassay kit (R&D Systems)
according to the manufacturer’s protocol. Data were normalized by using total
protein concentration as determined by the Bio-Rad protein assay.

Statistical analysis. The data presented are means * standard errors of the
means of four independent experiments unless otherwise stated. Data were
analyzed by one-way analysis of variance. When the analysis of variance indicated
a significant difference, individual differences were explored with Student’s ¢ test
by using the Bonferroni correction for multiple comparisons. Statistical signifi-
cance was determined at the 0.05 level.

RESULTS

Bcl-X prevents cell death due to oxygen but not oxygen and
glucose deprivation. Ratla fibroblasts transfected with a con-
trol vector (Neo) or Bcl-X; were incubated in an environment
deprived of oxygen for 24 and 48 h, and cell death was deter-
mined by the release of LDH. Neo control cells exhibited an
increase in cell death upon oxygen deprivation, whereas
Bcl-X, cells did not (Fig. 1A). In order to determine whether
the cell death observed during oxygen deprivation was apopto-
tic, control and Bcl-X; cells were examined for cytoplasmic
histone-associated DNA fragments following a 24-h exposure
to 21 or 0% O, (Fig. 1B). Neo control cells displayed an
approximately 2.5-fold increase in DNA fragmentation over
basal levels, whereas Bcl-X; cells did not show a significant
increase. These data demonstrate that Bcl-X; protects cells
from oxygen deprivation-induced apoptosis.

Conditions in which cells are deprived of oxygen are often
accompanied by lack of glucose. Therefore, Neo control and
Bcl-X; cells were incubated in media deprived of both oxygen
and glucose, supplemented with 12 mM 2-deoxyglucose (2-
DOG), for 8 and 12 h and assayed for LDH release (Fig. 1C).
Unlike in oxygen deprivation alone, Bcl-X; did not prevent cell
death under these conditions. Following 12 h of oxygen and
glucose deprivation, however, there was not a significant in-
crease in DNA fragmentation in either the Neo control or
Bcl-X, cells (Fig. 1D). These observations were confirmed by
examining condensed and fragmented nuclei with Hoechst
staining in fixed Neo and Bcl-X; cells exposed to 0% O, with
or without 2-DOG. Neo control cells under 0% O, alone
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FIG. 1. Bcl-X; prevents cell death in response to oxygen deprivation but not oxygen and glucose deprivation. (A) Ratla fibroblasts stably
transfected with a control vector (Neo) or Bcl-X; were exposed to 0% O, for 24 and 48 h and assayed for LDH release, as described in Materials
and Methods. (B) Neo control and Bcl-X; cells were exposed to 0% O, for 24 h and assayed for cytoplasmic histone-associated-DNA fragments.
(C) Neo control and Bel-X; cells in glucose-free media supplemented with 12 mM 2-DOG were exposed to 0% O, for 8 and 12 h and assayed
for LDH release. (D) Neo control and Bcl-X; cells in glucose-free media supplemented with 2-DOG (12 mM) were exposed to 0% O, for 12 h
and assayed for cytoplasmic histone-associated-DNA fragments. (E) Percentage of apoptotic cells scored by Hoechst staining of Neo control and
Bcel-X cells exposed to 0% O, with or without 2-DOG (12 mM) for 24 h. *, P < 0.05 compared with Neo control cells exposed to 21% O,.

displayed apoptotic nuclei, whereas Bcl-X; cells under 0% O,
did not. Neither Neo nor Bcl-X; cells displayed apoptotic
nuclei when exposed to 0% O, plus 2-DOG (Fig. 1E). These
data demonstrate that Bcl-X; does not prevent necrotic cell
death from oxygen deprivation when glucose availability is
limited.

Commitment to cell death during oxygen deprivation occurs
at the point of cytochrome ¢ release. Ratla fibroblasts incu-
bated for 8 and 16 h with 0% oxygen did not display a cell
death rate above normoxic control levels. Only after 24 h of
oxygen deprivation did cell death increase significantly (Fig.
2A). To test how long cells could survive oxygen deprivation
before committing to apoptosis, Ratla fibroblasts were ex-
posed to oxygen deprivation for various intervals and subse-
quently returned to normal oxygen levels. Ratla fibroblasts
exposed to 0% O, for 8 h and 21% O, for 16 h did not show

an increase in cell death, whereas cells exposed to 0% O, for
16 h and 21% O, for 8 h showed a rate of cell death similar to
that seen in cells exposed to 0% O, for 24 h (Fig. 2B). These
data suggest that the commitment to death occurs between 8
and 16 h of oxygen deprivation.

To examine whether the commitment to death was at the
point of cytochrome ¢ release, Neo control and Bcl-X; cells
were exposed to 0, 8, or 16 h of 0% O, and to 8 h of simulta-
neous glucose and oxygen deprivation. Subcellular fractions
were prepared, and the cytosolic fraction was analyzed for
cytochrome ¢ content by immunoblotting (Fig. 2C). Consistent
with Fig. 2B, cytochrome ¢ did not accumulate in the cytosol
until after 16 h of oxygen deprivation in the control cells.
Bcl-X; cells did not show an accumulation of cytochrome ¢ in
the cytosolic fraction under oxygen deprivation. However, both
the control and Bcl-X; cells did show an accumulation of
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FIG. 2. Cells exposed to oxygen deprivation commit to death at the point of cytochrome ¢ release. (A) Ratla fibroblasts were exposed to 0%
O, for 8, 16, 24, and 48 h and assayed for LDH release. (B) Ratla cells were exposed to 0% O, for 8 and 16 h and then reintroduced into 21%
O, for 16 and 8 h, respectively, and assayed for LDH release. *, P < 0.05 compared with cells exposed to 21% O,. (C) Cytosolic fractions probed
with either cytochrome ¢ or cytochrome ¢ oxidase subunit IV following 8 and 16 h of oxygen deprivation (0% O,) or 8 h of oxygen and glucose
deprivation (0% O, + 2-DOG) in Neo and Bcl-X cells. The mitochondrial fraction was included as a control.

cytochrome ¢ when exposed to oxygen and glucose deprivation.
The irreversible broad-range caspase inhibitor zZVAD-fmk (100
wM) did not prevent the release of cytochrome ¢ (data not
shown), indicating that oxygen deprivation-induced release of
cytochrome ¢ was not dependent on caspase activation.
Caspase-9 is activated during oxygen deprivation. Cyto-
chrome c, following release from the mitochondria, has been
shown to bind to apoptotic protease activating factor (Apaf-1),
which then undergoes a conformational change that allows the
cleavage and activation of caspase-9 (26, 28). This process
requires ATP. The activated form of caspase-9 subsequently
triggers a caspase cascade that results in cell death. To test
whether the release of cytochrome ¢ during oxygen deprivation
led to the activation of caspase-9, Neo control and Bcl-X -
expressing cells were exposed to 0% O, for 8 and 16 h, and
caspase-9 activity was measured. Neo control cells exhibited a
significant increase in caspase-9 activity after 16 h of oxygen
deprivation (Fig. 3A). Bel-X; -expressing cells did not show an
increase in caspase-9 activity during oxygen deprivation.
Caspase-8 activity in control and Bcl-X| -transfected cells was
also examined following 8- and 16-h exposures to 0% O,, but

no significant increases in activity were found (data not
shown).

Control and Bcl-X; cells exposed to 8 h of oxygen and
glucose deprivation did not display an increase in caspase-9
activity (Fig. 3A). Because cells deprived of both oxygen and
glucose exhibited release of cytochrome ¢ but not activation of
caspase-9 (Fig. 2C), we examined ATP levels. Both control and
Bcel-X; cells had decreased ATP levels over a 16-h period
during oxygen deprivation compared to normal oxygen condi-
tions (Fig. 3B). When control and Bcl-X| -transfected cells
were subjected to oxygen and glucose deprivation for 8 h, their
ATP dropped to undetectable levels (data not shown).

Akt does not prevent oxygen deprivation-induced cell death.
The phosphoinositide-3 kinase—Akt pathway is a potent medi-
ator of cell survival signals (4). This pathway also has been
shown to mediate the release of factors that initiate the for-
mation of new blood vessels (angiogenesis) (13, 32). Cells that
are beginning to be deprived of oxygen ([O,] < 3%) stimulate
the release of angiogenic factors such as VEGF. This adaptive
response is to prevent states of a complete absence of oxygen
and nutrients. We examined the ability of activated Akt both to
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confer a signal that prevents oxygen deprivation-induced cell
death and to stimulate VEGF levels under normal oxygen
conditions. Ratla fibroblasts stably expressing an activated
form of Akt (Myr-Akt) consisting of the Src myristoylation
signal fused to the c-Akt coding sequence were exposed to 24
and 48 h of 0% O, and then assayed for LDH release. After
48 h of oxygen deprivation, the control transfected cells (Puro)
and Myr-Akt cells showed similar significant increases in cell
death rates over those at normal oxygen levels (Fig. 4A). Akt,
unlike Bcl-X; , is not able to rescue cells from death by oxygen
deprivation. Similar results have recently been observed for
glucose deprivation (7, 36). However, Myr-Akt cells did display
an increase in the angiogenic factor VEGF under normal and
hypoxic (1.5% O,) conditions (Fig. 4B). Collectively, these
results indicate that Akt does not intrinsically prevent cell
death during oxygen deprivation but stimulates the release of
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angiogenic factors that would help prevent states of oxygen
deprivation.

Oxygen deprivation-induced cell death requires a functional
electron transport chain and is dependent upon Bax or Bak.
To further elucidate the role of the mitochondria during oxy-
gen deprivation-induced cell death, HT1080 human fibrosar-
coma cells lacking a functional mitochondrial electron trans-
port chain (p° cells) were exposed to 0% O, or doxorubicin
(0.25 wg/ml) for 48 h and assayed for LDH release. The wild-
type HT1080 cells displayed an increase in cell death under
oxygen deprivation. In contrast, the p® HT1080 cells did not
show a significant increase in cell death (Fig. 5A). The p°
HT1080 cells were still sensitive to doxorubicin, indicating that
the death machinery was functional in these p° cells. Thus,
functional electron transport is required for oxygen depriva-
tion-induced cell death.
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FIG. 4. Akt does not prevent oxygen deprivation-induced cell death. (A) Ratla cells stably transfected with a control vector (Puro) or Src
myristoylated Akt (Myr-Akt) were exposed to 0% O, for 24 and 48 h and assayed for LDH release. *, P < 0.05 compared with Puro control cells
exposed to 21% O,. (B) Control, Myr-Akt, and Bcl-X; -transfected cells were exposed to 21 and 1.5% O, for 24 h and assayed for VEGF release
into the culture supernatant. *, P < 0.05 compared with Puro or Neo control cells exposed to 21% O,.
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DNA-damaging agents and serum deprivation-induced cell
death require Bax or Bak (51). To determine the role of p53
and Bax or Bak in oxygen deprivation-induced cell death,
MEFs from wild-type, bax™'~ bak™'~, or p53~/~ mice were
deprived of oxygen for 48 and 72 h and assayed for LDH
release. p53~/~ MEFs were sensitive to oxygen deprivation
(Fig. 5B). In contrast, bax '~ bak '~ MEFs were resistant to
oxygen deprivation (Fig. 5B). These results indicate that oxy-
gen deprivation-induced cell death is independent of p53 but
requires Bax or Bak.

Oxygen deprivation-induced cell death occurs indepen-
dently of the mitochondrial PTP or ROS. The permeability
transition pore (PTP) has been implicated as a possible mech-
anism of mitochondrial release of cytochrome ¢ under condi-
tions of oxygen deprivation (24). Oxidative stress has been
shown to contribute to conditions that favor PTP formation.
Reactive oxygen species (ROS) can be generated under virtu-
ally anaerobic conditions (5). To test whether the involvement
of the mitochondrial PTP was required during oxygen depri-
vation-induced cell death, Ratla fibroblasts were pretreated
with PTP inhibitors cyclosporine or trifluoperazine (TPZ), ex-
posed to 0% O, for 48 h, and assayed for LDH release. Cy-
closporine and TPZ did not prevent oxygen deprivation-in-
duced cell death (Fig. 6A). However, cyclosporine did prevent
cell death induced by thapsigargin, a selective inhibitor of the
endoplasmic reticulum-associated calcium ATPase, in the
presence of hydrogen peroxide (Fig. 6B). To test the role of
ROS during oxygen deprivation-induced cell death, Ratla fi-
broblasts were incubated with Mn(III)tetrakis (4-benzoic acid)
porphyrin (MnTBAP), a superoxide scavenger, and N-acetyl-
cysteine (NAC), a hydrogen peroxide scavenger, for 1 h under
normal oxygen conditions and subsequently exposed to 0% O,
for 48 h. MnTBAP and NAC did not prevent LDH release,
suggesting that antioxidants do not prevent cell death during
oxygen deprivation (Fig. 6C). We further assessed the role of

ROS by exposing HT1080 fibrosarcoma cells transfected with
MnSOD and catalase targeted to the mitochondria to 0% O,
for 48 h. These cells exhibit a 13.2-fold increase in catalase
activity and a 15.0-fold increase in MnSOD activity (37). How-
ever, the overexpression of MnSOD and catalase targeted to
the mitochondria did not prevent cell death under oxygen
deprivation conditions (Fig. 6D). Collectively, these results
suggest that oxygen deprivation-induced cell death does not
depend on either the mitochondrial PTP or the generation of
ROS.

Bcl-X, prevents cell death by allowing glycolytic ATP to
maintain a partial { via the F,F,-ATP synthase. During an-
aerobic conditions electron transport chain ceases, resulting in
the depolarization of the inner mitochondrial membrane. Pre-
vious studies have shown that early events in the commitment
of cells to release cytochrome ¢ are changes in mitochondrial
membrane potential () (47). Bcl-X, prevents the change in ¢
and subsequent apoptosis. We examined changes in s in Neo
control and Bcl-X| -transfected Ratla fibroblasts exposed to
0% O, for 8, 16, and 24 h. ¢ was measured using the ratio of
TMRE and MITO. TMRE fluorescence is dependent on s,
while MITO fluorescence is independent of Ays and reflects the
number of mitochondria within a given cell. Neo control Ratla
fibroblasts exhibited 41.52% = 8.00% and 83.15% =+ 6.79%
decreases in { at 8 and 16 h, respectively, after being exposed
to 0% O, (Fig. 7A). Because cytochrome ¢ release was ob-
served only at 16 h, these results suggest that depolarization of
the inner mitochondrial membrane precedes the release of
cytochrome c. Moreover, zVAD-fmk did not prevent the de-
crease in {5, suggesting that caspases are not responsible for the
loss of s during oxygen deprivation (data not shown). Cells
expressing Bcl-X; maintained a partial potential (~50%) over
the 48 h period. The ability of Bcl-X; to maintain a { without
a functional electron transport chain led us to examine whether
ATP generated by glycolysis was being imported into mito-
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chondria and used by the F;F,-ATP synthase to generate a .
Indeed, two different F,F,-ATP synthase inhibitors, oligomy-
cin and aurovertin B, diminished the s of Bcl-X; cells during
oxygen deprivation (Fig. 7B). Consistent with these findings,
the glycolytic inhibitor 2-DOG and the adenine nucleotide
translocator (ANT) inhibitor atractyloside diminished the s of
Bcl-X,  cells during oxygen deprivation. Furthermore, Bcl-X
failed to prevent oxygen deprivation-induced cell death in the
presence of oligomycin, aurovertin B, and atractyloside (Fig.
7C). Oligomycin, aurovertin B, atractyloside, and 2-DOG all
independently induced cell death under normal oxygen condi-
tions in Neo control cells but not in Bcl-X; cells (data not
shown). Hence, the ability of Bcl-X, to prevent oxygen depri-
vation-induced cell death depends on the ability of the F,F,-
ATP synthase to utilize glycolytic ATP to generate a .

DISCUSSION

Apoptosis and necrosis are defined as two distinct forms of
cell death that can be distinguished based on cellular morphol-

ogy (20). Apoptotic cells display intranucleosomal DNA cleav-
age and shrink while neighboring cells rapidly engulf them. In
contrast, necrotic cells tend to swell and burst, resulting in the
spilling of their intracellular contents over neighboring cells,
which triggers an inflammatory response. Tissues in vivo ex-
posed to conditions of oxygen deprivation due to an occlusion
of a blood vessel simultaneously contain cells that have under-
gone apoptosis and those that have undergone necrosis (17). In
the present study we investigated whether fibroblasts in vitro
undergo apoptosis or necrosis during oxygen deprivation. We
found that Ratla fibroblasts undergo apoptosis during oxygen
deprivation and undergo necrosis only if they are deprived of
oxygen and glucose simultaneously. Cell death during oxygen
deprivation is associated with DNA fragmentation and apo-
ptotic nuclei and is preceded by the release of cytochrome ¢
from mitochondria and activation of caspase-9. The commit-
ment to death in cells deprived of oxygen occurred at the point
when cells released cytochrome ¢ and activated caspase-9. The
antiapoptotic protein Bcl-X; prevented the release of cyto-
chrome c, activation of caspase-9, and cell death in response to
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oxygen deprivation. The broad-based caspase inhibitor zZVAD-
fmk did not inhibit the release of cytochrome c, indicative of a
caspase-independent mechanism of cytochrome c release. The
apoptotic cell death observed during oxygen deprivation was
not accompanied by a significant activation of caspase-8. Ratla
fibroblasts typically are refractory to CD95-mediated cell death
unless the oncogene Myc is active in these cells (11). There-
fore, the extrinsic apoptotic pathway is likely not an important
regulator of cell death in Ratla fibroblasts during oxygen de-
privation. These results indicate that cells undergoing oxygen
deprivation die through an intrinsic apoptotic pathway.
Bcl-X, did not prevent the release of cytochrome ¢ or cell
death in cells deprived of oxygen and glucose. Cells deprived of
oxygen and glucose also did not display caspase-9 activation,
DNA fragmentation, or apoptotic nuclei indicative of necrosis
under these conditions. Since cytochrome c release from mi-
tochondria into the cytosol typically accompanies the activa-
tion of caspase-9 in the presence of ATP, we examined the

energetic status of cells deprived of oxygen and glucose. Cells
deprived of oxygen and glucose displayed a complete loss of
cellular ATP levels, while cells deprived of oxygen alone ex-
hibited a partial maintenance of ATP levels compared with
cells under normal oxygen conditions. Thus, the necrotic mor-
phology observed during oxygen and glucose deprivation is due
to the lack of ATP available to trigger activation of caspase-9.

Deprivation of growth factors is one of the best-described
death stimuli that utilize the intrinsic apoptotic pathway. The
activation of PI3K and its downstream effector, the serine/
threonine kinase Akt, is a major mechanism by which growth
factors promote cell survival (18). Previous studies have shown
that Akt can confer a survival signal in Ratla fibroblasts in the
absence of serum (19). However, our present results show that
Ratla fibroblasts that contain an activated form of Akt are still
sensitive to oxygen deprivation, indicating that the pathways
regulating serum and oxygen deprivation diverge. Recent work
has demonstrated that both Akt and Bcl-2/Bcl-X; inhibit ap-
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optosis by maintaining mitochondrial integrity (7, 36). How-
ever, unlike Bcl-2/Bcl-X| , the ability of Akt to inhibit apoptosis
and cytochrome c release is dependent upon the availability of
glucose and on the coupling of oxidative phosphorylation and
glycolysis via mitochondrial hexokinase (7). Thus, it is likely
that Akt cannot inhibit oxygen deprivation-induced cell death
because of uncoupling of oxidative phosphorylation and glyco-
lysis.

Recently, it has been postulated that PI3K plays an impor-
tant role in angiogenesis and regulates VEGF expression (13,
32). Cells expressing activated PI3K or Akt display an increase
in levels of VEGF mRNA under normal oxygen conditions.
Cells that typically encounter conditions of low oxygen levels (1
to 3% 0O,) in vivo activate angiogenesis through the release of
factors such as VEGF. Angiogenesis would provide more ox-
ygen and nutrients and prevent cells from reaching the 0% O,
condition, which will trigger apoptosis. Therefore, Akt-induced
angiogenesis might prevent cellular oxygen deprivation in tis-
sues. In the present study, an activated form of Akt in Ratla
fibroblasts was able to stimulate release of VEGF under nor-
moxic conditions similar to levels found under hypoxic condi-
tions in cells that do not contain an activated Akt. Bcl-X; had
no effect on the release of VEGF under normoxic or hypoxic
conditions.

DNA damage due to gamma irradiation is another stimulus
that utilizes the intrinsic apoptotic pathway (27). DNA-dam-
aging agents utilize a p53-dependent apoptotic pathway in
many cell types (3, 29). Oxygen deprivation has been shown to
induce p53 protein accumulation and p53-dependent apoptosis
in oncogenically transformed cells (8, 40). It has been postu-
lated that mutations in p53 may promote tumor cell growth
and survival by allowing cells to avoid oxygen deprivation-
induced apoptosis. Our present observations indicate that
p53~/~ MEFs are able to undergo cell death under oxygen
deprivation. These results suggest that the role of p53 in reg-
ulating oxygen deprivation-induced cell death may be re-
stricted to oncogenically transformed cells.

A common element in the intrinsic apoptotic pathway in-
duced by deprivation of growth factors or DNA damage is the
requirement of Bax or Bak (51). Cells from mice with double
knockouts of these proapoptotic Bcl-2 family members are
resistant to apoptosis from gamma irradiation and serum de-
privation. In contrast, neither Bax nor Bak was required for
Fas-mediated death. In the present study we observed that
MEFs lacking Bax and Bak were resistant to oxygen depriva-
tion, indicating that Bax or Bak is required for oxygen depri-
vation-induced cell death. Taken together, the observations
that Bcl-X; and the loss of Bax or Bak prevent oxygen depri-
vation-induced apoptosis indicate that the Bcl-2 family mem-
bers regulate the oxygen deprivation apoptotic pathway.

What might initiate the apoptotic cascade in cells exposed to
oxygen deprivation? Cell survival depends on the oxidation of
NADH coupled to the reduction of oxygen to generate ATP by
the F,F,-ATP synthase. Oxygen is reduced to water by cyto-
chrome ¢ oxidase. A lack of oxygen would inhibit the electron
transport chain at cytochrome ¢ oxidase, resulting in the initi-
ation of a death cascade through Bax or Bak. Consistent with
this hypothesis is the observation that p° fibroblasts do not
undergo cell death in response to oxygen deprivation. The
mitochondrial DNA encodes for 13 polypeptides, including
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subunits for cytochrome ¢ oxidase. Therefore, p° cells do not
have a functional electron transport chain and rely on glyco-
lytic ATP for their energetic needs (1). The cell death pathway
is intact in p° cells, as shown by their ability to undergo death
in response to doxorubicin. It is possible that these cells in the
process of generation might have gained a selective advantage
that renders them resistance to oxygen deprivation. However,
we generated multiple different populations of p° cells, all of
which were resistant to oxygen deprivation but remained sen-
sitive to doxorubicin. Moreover, previous studies have demon-
strated that p° cells die in response to growth factor withdrawal
(12). It is likely that during growth factor withdrawal or doxo-
rubicin treatment, p° cells retain signals that regulate Bax or
Bak to induce cell death. In contrast, a lack of functional
electron transport does not allow p° cells during oxygen depri-
vation to initiate signals that would regulate Bax or Bak to
induce cell death. These data suggest that inhibition of elec-
tron transport chain is an upstream event from Bax or Bak in
the oxygen deprivation induction of the intrinsic apoptotic
pathway.

The ability of Bcl-X; to prevent cytochrome c release during
oxygen deprivation suggests that the permeability of the outer
mitochondrial membrane is an important regulatory target
during oxygen deprivation-induced cell death. Currently, there
are two models to explain the release of cytochrome ¢ (31).
The first model evokes the formation of large channels by
proapoptotic Bel-2 family members in the outer mitochondrial
membrane sufficient to transport cytochrome c. Further,
Bcl-X; can bind to the proapoptotic Bcl-2 family members to
prevent the formation of these channels. The second model
suggests a nonspecific rupture of the outer mitochondrial
membrane by mitochondrial matrix swelling. Mitochondrial
swelling has been reported to occur in response to many apo-
ptotic stimuli, including growth factor withdrawal and oxygen
deprivation (10, 48). One mechanism proposed to cause matrix
swelling is the formation of the PTP (23). The PTP is a large-
conductance channel proposed to span both mitochondrial
membranes. Opening of the pore is characterized by an abrupt
increase in the permeability of the inner mitochondrial mem-
brane to molecules as large as 1,500 Da. Primary evidence for
the PTP model comes from experiments showing that cyclo-
sporine and trifluoperazine, inhibitors of PTP formation, pre-
vent cell death. However, our data indicate that neither cyclo-
sporine nor trifluoperazine prevents cell death in response to
oxygen deprivation in Ratla fibroblasts. Thus, the PTP may
not be a regulator of oxygen deprivation-induced cell death.

Another mechanism that can cause swelling of the mito-
chondrial matrix, resulting in outer mitochondrial membrane
rupture, is the closure of the voltage-dependent anion channel
(VDAC) observed in cells undergoing apoptosis in response to
growth factor deprivation (45, 46). Under normal physiologic
conditions, electron transfer through the respiratory chain is
coupled to the directional movement of protons across the
inner mitochondrial membrane. This movement across the
membrane establishes a pH gradient and a membrane poten-
tial that provides the thermodynamic driving force for F,F-
ATP synthase to generate ATP in the matrix. Cytosolic ADP
must be transported across both the inner and the outer mi-
tochondrial membranes for the F,F,-ATP synthase to generate
ATP. The principal mediators of ATP/ADP exchange are ANT
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on the inner mitochondrial membrane and VDAC on the
outer mitochondrial membrane. The closure of VDAC results
in the impairment of the exchange of cytosolic ADP for mito-
chondrial ATP. The defect in exchange causes the hyperpolar-
ization of the inner mitochondrial membrane by limiting the
ability of ATP synthase to utilize the potential to generate ATP
from ADP. Subsequently, the electron transport chain slows
and the matrix swells. Bcl-X; can prevent the closure of
VDAC and allow the efficient exchange of cytosolic ADP for
mitochondrial ATP. During oxygen deprivation, the electron
transport chain ceases and a hydrogen ion gradient does not
develop. Subsequently, the F,F,-ATP synthase does not gen-
erate ATP. Under these conditions, the F,F,-ATP synthase
has the capacity to hydrolyze glycolytic ATP and extrude pro-
tons from the matrix in an attempt to maintain mitochondrial
membrane potential (34). However, Ratla fibroblasts dis-
played a continuous decrease in mitochondrial membrane po-
tential prior to cytochrome c release, suggesting that the F,F-
ATP synthase was not efficient in maintaining the potential. In
contrast, Ratla fibroblasts that overexpress Bcl-X; were able
to maintain a potential, and inhibitors of the F,F,-ATP syn-
thase, ANT, and glycolysis independently dissipated the poten-
tial. Furthermore, all three inhibitors abolished the ability of
Bcl-X; to prevent cell death during oxygen deprivation. These
results suggest that Bcl-X; prevents cell death by allowing
glycolytic ATP to be utilized by the F,F,-ATP synthase in
order to maintain a mitochondrial membrane potential. Since
ATP fell to similar levels in both control and Bcl-X; cells
during oxygen deprivation, this suggests that Bcl-X; does not
regulate glycolytic ATP production during oxygen deprivation.
Thus, Bel-X, either regulates the efficient exchange of glyco-
lytic ATP across the inner and outer mitochondrial membranes
or affects the ability of the F,F,-ATP synthase to utilize gly-
colytic ATP. The localization of Bcl-2 family members on the
outer membrane, however, suggests that Bcl-X; may allow
efficient exchange of glycolytic ATP across VDAC to maintain
a potential and the subsequent survival of cells during oxygen
deprivation.

In summary, the present data indicate a requirement for a
functional electron transport chain and the proapoptotic Bcl-2
family members Bax or Bak for oxygen deprivation-induced
cell death. The antiapoptotic Bcl-2 family member Bcl-X;
might prevent oxygen deprivation-induced cell death by allow-
ing glycolytic ATP to be used by the F,F,-ATP synthase in
order to maintain a mitochondrial membrane potential and
cell survival. Taken together, these results suggest that com-
ponents of both the inner and outer mitochondrial membranes
serve as important regulators of oxygen deprivation-induced
cell death.
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